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In this work we introduce an extended version of the formalism proposed originally by Taurines et
al. that considers the effects of many-body forces simulated by non-linear self-couplings and meson-
meson interaction contributions. In this extended version of the model, we assume that matter
is at zero temperature, charge neutral and in beta-equilibrium, considering that the baryon octet
interacts by the exchange of scalar-isoscalar (σ,σ∗), vector-isoscalar (ω,φ), vector-isovector (%) and
scalar-isovector (δ) meson fields. Using nuclear matter properties, we constrain the parameters of
the model that describe the intensity of the indirectly density dependent baryon-meson couplings to
a small range of possible values. We then investigate asymmetric hyperonic matter properties. We
report that the formalism developed in this work is in agreement with experimental data and also
allows for the existence of massive hyperon stars (with more than 2M) with small radii, compatible
with astrophysical observations.
PACS numbers:
I. INTRODUCTION
Neutron stars are formed when stars with initial
masses of about 8−20M collapse in supernovae events.
During this process, the outer layers of the star exert
pressure upon the central region, increasing its density
and, when the system reaches the drip line density, the
nucleons inside the nuclei are released. After the mass
shock wave bounces from the core, the outer parts of the
star are released in an explosive reaction, leaving a dense
core behind. Since the scale of Fermi energy present in
nuclear processes in neutron stars is much higher than
the thermal energy, these objects provide a unique sce-
nario to study the behavior of nuclear matter at extreme
conditions.
Experimental nuclear data together with neutron star
observational measurements can and should be used to
restrict the parameters of the models used to describe
the equation of state (EoS) of neutron stars, not only
at low but also at high densities. For example, ref. [1]
showed that hypernuclear data impose contraints in the
composition of hyperon stars (see also references cited
in [1]). More specifically, observations of 2M neutron
stars [2, 3] constrain the EoS of neutron stars, in particu-
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lar its stiffness in the high density regime. A theoretical
study that calculates the radii of 1.4M neutron stars
also discusses the role played by matter above saturation
density on neutron star properties [4]. Such compact
stars are considered canonical stars because the most ac-
curate mass measurement from the binary pulsar system
PSR 1913+16, predicts masses of 1.3867±0.0002M and
1.4414± 0.0002M [5, 6].
In the last decades, the determination of the EoS of
nuclear matter at high densities has become one of the
main goals of nuclear astrophysics. Although the fun-
damental physics has to be described in terms of quarks
and gluons, at scales of energy where only the baryon de-
grees of freedom are relevant, the residuum of the strong
interaction between quarks can be described by effective
hadronic models. In a particular class of models, de-
nominated relativistic mean field (RMF) models, the nu-
clear interaction is usually described by the exchange of
scalar-isoscalar and vector-isoscalar mesons with minimal
Yukawa coupling. These terms represent the attractive
and repulsive components of the nuclear force in the long
and short range regimes, respectively.
The first RMF model for nuclear matter was proposed
in 1974 by Walecka et al. [7], introducing the description
of nuclear matter in the exchange of scalar and vector
mesons. This model, however, was not able to reproduce
correctly the compressibility modulus of nuclear matter
and the nucleon effective mass at saturation. As a conse-
quence, several extensions of the model were developed
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2in order to overcome the problem.
Boguta and Bodmer proposed additional terms in the
scalar sector by taking into account the non-linear third
and fourth orders of the σ meson self-interaction terms.
With this, they could simulate field-dependent correla-
tions in the in-medium nucleon-nucleon interaction [8].
In later works, this same feature was extended to the
ω meson [9, 10] and the case with crossed scalar-vector
interaction terms was also investigated [11, 12]. The
meson-baryon coupling was also modified in other mod-
els, as an alternative to the minimal coupling proposed
by Walecka. In particular, we mention the ZM models
with a derivative coupling [13] and the density dependent
meson-baryon coupling model proposed in ref. [14].
Since the characteristic time scale for the population
of neutron stars is long compared to the typical weak-
interaction time scale, strangeness is not conserved in
their interiors, allowing for the appearance of hyperonic
degrees of freedom. The topic of hyperons in neutron
stars has been extensively discussed in the literature. In
particular, the discussion relating new degrees of freedom
to the softening of the EoS and, consequently, to the low-
ering of neutron stars maximum masses received renewed
attention [15–20] due to the observations of massive neu-
tron stars. However, as first shown in [21], this problem
is avoided by the addition of the pair of strange mesons
σ∗ and φ (associated, respectively, to f0(975 MeV) and
φ(1020 MeV) [22]), where the latter one introduces a new
repulsion to the interaction of hyperons. Although ad-
ditional uncertainties concerning the hyperonic coupling
are added to the formalism [4], in the presence of these
additional mesons, several authors succeeded in describ-
ing massive hyperon stars using different models [23–34].
The formulation used in this work is based on the
model proposed by Taurines et al in 2001 [35] as an at-
tempt to unify the Walecka and ZM models in a general
fashion. This formalism considers a parametric deriva-
tive coupling that simulates the many-body forces by in-
cluding non-linear self-interaction and meson-meson in-
teraction terms for the scalar mesons in the Lagrangian
density of the theory. The meson-baryon couplings are
implicitly density dependent and parametrized by a con-
stant. The parametric coupling formalism reproduces
successfully nuclear matter properties and has been ap-
plied to investigate different topics related to nuclear
physics, such as the nuclear matter compressibility [36],
hadron-quark phase transitions [37], kaon condensation
[38], symmetry energy [39] and effects of magnetic fields
on neutron stars [40, 41].
In this work, we present an extended version of the
parametric model including the entire set of mesons rel-
evant to the scale of energy and mean field approxi-
mation: scalar-isoscalar (σ,σ∗), vector-isoscalar (ω,φ),
vector-isovector (%) and scalar-isovector (δ) meson fields.
The % and δ mesons are very important for the descrip-
tion of neutron stars, as these are highly isopin asym-
metric objects [42–44]. Also, the strange mesons φ and
σ∗, which are often disregarded, are important for the de-
scription of hyperon-hyperon interaction, and hence have
an important impact on the description of neutrons stars.
The model presented in this paper is constrained by
finding the parameterization that best describes symmet-
ric nuclear matter properties (effective nucleon mass and
the compressibility modulus at saturation density) and
asymmetric matter properties (symmetry energy and its
slope), for fixed values of saturation density and binding
energy. We determine the hyperon-meson coupling con-
stants for the vector mesons by the SU(6) symmetry rela-
tions and the scalar meson coupling by the fitting of hy-
peron potentials to experimental data. We analyze how
nuclear matter properties, hyperon-nucleon and hyperon-
hyperon interactions affect the predictions of the neutron
star properties. Also, we identify the effects of the new
mesonic degrees of freedom on these properties.
The paper is organized as follows: In Sec. II we present
the many-body formalism introduced in the Lagrangian
density and analyze its effects on the EoS and chemical
equilibrium for the model; the nuclear matter properties
at saturation density are calculated in Sec. III, when we
set the parameters of the model; section IV is dedicated
to the study of asymmetric matter; we discuss the astro-
physical applications of the model in the description of
hyperon stars concerning the meson fields and hyperon
interactions in Sec. V and, finally, we present our con-
clusions in Sec. VI.
II. MANY-BODY COUPLING RELATIVISTIC
FIELD FORMALISM
A. Formalism
As a conventional way of classifying and organizing in-
teraction terms in effective field theory approaches, as
well as to introduce a guideline for the strengths of the
various couplings, we adopt the concept of naturalness.
Naturalness is related to effective interactions field the-
ories that can be truncated within a phenomenological
domain of the theory. Of course, there is no general
proof of naturalness property, since no one knows how
to derive the effective strong interaction Lagrangian den-
sity from QCD. Nevertheless, the validity of naturalness
is supported by phenomenology (see e.g. [45]).
The formalism developed in ref. [35] takes into account
many-body contributions to the nuclear force by intro-
ducing the concept of naturalness and a parameterized
derivative coupling for the mesons. In this extended ver-
sion of the formalism, we introduce the new mesonic de-
grees of freedom δ, σ∗ and φ. The δ meson is introduced
in order to better describe the properties of asymmetric
matter, while the strange mesons (σ∗, φ) have important
impact on hyperon interactions. The general Lagrangian
density of the model is:
3L =
∑
b
ψb
[
γµ
(
i∂µ − g∗ωbξωµ − g∗φbκφµ − 1
2
g∗%bητ .%
µ
)
−
(
1 +
gσbσ + gσ∗bσ
∗ + 1
2
gδbτ.δ
ζmb
)−ζ
mb
]
ψb
+
(
1
2
∂µσ∂
µσ −m2σσ2
)
+
(
1
2
∂µσ
∗∂µσ∗ −m2σ∗σ∗2
)
+
1
2
(
−1
2
ωµνω
µν +m2ωωµω
µ
)
+
1
2
(
−1
2
φµνφ
µν +m2φφµφ
µ
)
+
1
2
(
−1
2
%µν .%
µν +m2%%µ.%
µ
)
+
(
1
2
∂µδ.∂
µδ −m2δδ2
)
+
∑
l
ψlγµ (i∂
µ −ml)ψl.
(1)
The subscripts b and l label, respectively, the baryon
octet (n, p, Λ0, Σ−, Σ0, Σ+, Ξ−, Ξ0) and lepton (e−, µ−)
degrees of freedom. The first and last terms represent
the Dirac Lagrangian density for baryons and leptons,
respectively. The other terms represent the Lagrangian
densities of the mesons, where we assume a Klein-Gordon
Lagrangian density for the scalar σ, δ and σ∗ fields and
a Proca Lagrangian density for the vector ω, % and φ
fields. The meson-baryon coupling is introduced by the
coupling constants present in the first term of Equation
1. The operators τ = (τ1, τ2, τ3) denote the Pauli isospin
matrices. We allow the system to be isospin asymmetric
by coupling the δ and % fields to the isospin-dependent
scalar (ρs = ψτψ) and vector densities (ρb = ψ
†τψ).
The baryons, leptons and mesons properties are found in
Tables (I) and (II).
TABLE I: Baryon and lepton properties. The rows indicate
different particles and I3, qb, qe and s stand for the isopin
projection in the z-direction, baryon charge, electric charge
and strangeness, respectively.
Particle Mass (MeV) I3 qb qe s
p 939.6 1/2 1 +1 0
n 938.3 −1/2 1 0 0
Λ 1116 0 1 0 −1
Σ+ 1189 +1 1 +1 −1
Σ0 1193 0 1 0 −1
Σ− 1197 −1 1 −1 −1
Ξ0 1315 +1/2 1 0 −2
Ξ− 1321 −1/2 1 −1 −2
e− 0.511 0 0 −1 0
µ− 105.7 0 0 −1 0
The general definition of the meson-baryon couplings
are:
g∗ωbξ ≡ m?ξbgωb, g∗%bκ ≡ m?κbg%b, g∗φbη ≡ m?ηbgφb, (2)
where the parametric coefficient m?λb introduces the non-
TABLE II: Meson fields properties considered in the formal-
ism.
Meson Particle Classification Coupling Mass
constant (MeV)
σ σ scalar-isoscalar gσb 550
δ a0 scalar-isovector gδb 980
ωµ ω vector-isoscalar gωb 782
%µ ρ vector-isovector g%b 770
σ∗ f0 scalar-isoscalar gσ∗
b
975
φµ φ vector-isoscalar gφb 1020
linear contributions:
m?λb ≡
(
1 +
gσbσ + gσ∗bσ
∗ + 12gδbτ.δ
λmb
)−λ
, (3)
for λ = ξ, κ, η, ζ.
The main motivation for this formalism is to intro-
duce a parameterized derivative coupling that can be ex-
panded in a series of nonlinear couplings terms between
the scalar σ, σ∗ and δ mesons. Each term of the expan-
sion correponds to a medium effect contribution from
many-body forces. Ultimately, the complete series ex-
pansion, controlled by the λ = ξ, κ, η, ζ parameter, al-
lows the description of genuine many-body forces, which
are introduced as medium effects in the mean field ap-
proximation.
Each set of parameters generates different EoS’s and
population profiles and must be analyzed to cover the
range of uncertainties of nuclear saturation properties.
We emphasize that, since the meson fields change their
values with density, the scalar mesons coupling constants
present a density dependence through the coupling of the
fields. Note, however, that such approach is thermody-
namically consistent.
As a first approach, we consider the so-called scalar
version of the model, in which the nonlinear contribu-
tions affect only the scalar mesons, i.e., ξ = 0, κ = 0, η =
0, ζ 6= 0. See ref. [45] for a discussion of other possible
paraterization choices.
The effective mass of baryons in this model reads:
m∗bζ =m
?
ζbmb
≡
(
1 +
gσbσ + gσ∗bσ
∗ + 12gδbτ.δ
ζmb
)−ζ
mb,
(4)
where one can see the influence of the nonlinear contribu-
tions of scalar mesons, controlled through the parameter
ζ. Furthermore, as the effective mass of baryons depends
on the ζ-parameter, the chemical potential of the inter-
acting particles is also affected by many-body forces as:
µ∗b =
√
k2fb + (m
∗
bζ)
2 + gωbω0 + g%bI3b%03 + gφbφ0, (5)
where kfb is the baryon Fermi momentum and I3b is the
baryon isospin projection in the z-direction.
4The mean field equations, calculated from the La-
grangian density in the mean field approximation, read:
σ0 =
1
m2σ
∑
b
[
gσb
(
m?ζb
)
−gσb
mb
(
m?ζb
) ζ+1
ζ
(
gσbσ0 + gδbδ
3
0 I
3b + gσ∗0bσ
∗)] ρsb,
ω0 =
1
m2ω
∑
b
gωbρb,
%30 =
1
m2%
∑
B
g%b I
3b ρb,
δ30 =
1
m2δ
∑
b
[
gδb
(
m?ζb
)
−gδb
mb
(
m?ζb
) ζ+1
ζ
(
gσbσ0 + gδbδ
3
0 I
3b + gσ∗bσ
∗
0
)]
I3b ρsb,
φ0 =
1
m2φ
∑
b
gφbρb,
σ∗0 =
1
m2σ∗
∑
b
[
gσ∗b
(
m?ζb
)
−gσ∗b
mb
(
m?ζb
) ζ+1
ζ
(
gσbσ0 + gδbδ
3
0 I
3b + gσ∗bσ
∗
0
)]
ρsb,
(6)
where σ0, ω0, %0, δ0, φ0 and σ
∗
0 denote the classical ex-
pectation values of the meson fields.
As the density increases, it is more energetically favor-
able for the system to populate new degrees of freedom
in order to lower its Fermi energy. In particular, due
to strong interaction processes, hyperon species are pre-
dicted to start to become important at densities around
2ρ0, where ρ0 is the nuclear saturation density. Assum-
ing that the matter is in β-equilibrium, one can easily
verify that the many-body forces also play a role in the
particle threshold, as each particle species is populated
beyond the following threshold:
qbiµ
∗
n − qeiµ∗e − gωbω0 − g%bI3b%03 − gφbφ0 ≥ m∗ζbi , (7)
where qbi and qei represent the baryon and electric
charges, respectively, and µ∗n and µ
∗
e are the neutron and
electron effective chemical potentials, respectively.
Assuming chemical equilibrium and isospin symmetry
or charge neutrality, we calculate the equation of state
for the model from the components of the stress-energy
tensor. The pressure and energy density of the model
have the standard expressions, with the introduction of
the many-body contributions to the effective mass of the
baryons and the effective coupling constants of the scalar
mesons.
Note that the inclusion of additional meson fields in
the model has a direct effect on the behavior of matter
at high densities. The presence of the δ meson also affects
asymmetric nuclear matter at saturation density. In the
following sections, we analyze the results of the formalism
proposed in this work for describing the properties of
nuclear matter in both low and high densities regimes.
In order to study matter at high densities, we discuss the
nucleon-hyperon interaction in what follows.
B. Nucleon-hyperon interaction
Since hyperons are not present in nuclear matter at sat-
uration density and experimental data concerning their
interaction are scarce in the literature, many authors in
the past proposed models to describe the meson-hyperon
coupling [46–48]. However, in the last decades various
efforts were made in order to understand this sector of
strong interactions in more detail and, as a consequence,
we have some experimental constraints regarding mainly
the hyperon-nucleon interaction.
In particular, the existence of bound Λ-hypernuclear
states indicates an attractive potential UNΛ = −30 MeV
at saturation [49]. Concerning Σ-nucleon interactions,
the absence of bound states in a survey for Σ atoms
[50, 51] and also scattering studies point towards a re-
pulsive potential (for a review of the topic see ref. [52]
and references therein). Investigations on quasi-free pro-
duction of Ξ’s indicate an attractive potential of about
UNΞ = −18 MeV
[53–55] (for this topic one can check again ref. [52]).
On the other hand, still little is known about the
hyperon-hyperon interaction resulting from the limited
knowledge of double-Λ hypernuclei [56, 57]. The few ex-
perimental data point towards a weakly attractive UΛΛ
potential [57–59]. Nothing can be said about ΛΞ and ΞΞ
interactions.
In this work, we define the hyperonic coupling con-
stants gωY , g%Y , gδY and gφY by using the SU(6) spin-
flavor symmetry [60, 61] for the vector mesons, described
as follows:
1
3
gωN =
1
2
gωΛ =
1
2
gωΣ = gωΞ,
g%N =
1
2
g%Σ = g%Ξ, g%Λ = 0,
−2
√
2
3
gωN = 2gφΛ = 2gφΣ = gφΞ,
(8)
and assuming simple isospin scaling for the coupling of
the δ meson:
gδN =
1
2
gδΣ = gδΞ, gδΛ = 0. (9)
Thus, the hyperonic couplings to the vector mesons
are proportional to the number of strange quarks present
inside each particle. The rule for the isovector mesons
is given by the proportion between the nucleon and the
hyperon isospin. For example, since the Λ-hyperon is a
singlet, it has zero isospin and, therefore, does not couple
to the % and δ mesons.
We obtain the hyperon-sigma coupling associated to
the attractive interaction between hyperons and nucleons
5by fitting the potential depths of the hyperons in nuclear
matter [47, 62]:
UNY = gωY ω0(ρ0)− gσY σ0(ρ0), (10)
following the values of [55]: UNΛ = −28 MeV, UNΣ =
+30 MeV and UNΞ = −18 MeV.
At first, we only consider the scalar-σω%δφ version of
the model, for fixed values of the hyperon potentials.
Then, in Section V, we come back to the role of the σ∗-
meson introducing the σω%δφσ∗ version of the model in
order to verify the effects of coupling constants on the
macroscopic properties of neutron stars. In particular,
we study the effects of the potential depths and of gσ∗Y
on the maximum mass, radii and particle abundances of
neutron stars.
III. NUCLEAR MATTER PROPERTIES AT
SATURATION
Our model should be in agreement with experimen-
tal data for the properties of saturated nuclear mat-
ter. For this reason, we impose a saturation density
of ρ0 = 0.15 fm
−3 and a binding energy per baryon of
B/A = −15.75 MeV [7] and infer the nucleon-meson cou-
pling constants by fitting the standard values of nuclear
matter properties at saturation (details in the following).
The ζ parameter, associated with the many-body forces,
is constrained to describe a realistic effective mass of
the nucleon m∗N at saturation between 0.66 − 0.78mN
[63, 64], a compressibility modulus K0 between about
200−300 MeV [65–67], a symmetry energy a0sym between
25−35 MeV [68, 69] and a symmetry energy slope L0 be-
tween 60− 115 MeV [69–71].
At saturation, the isopin-symmetric nuclear matter
has vanishing pressure, and is not populated by leptons
nor hyperons (by definition). Also, due to the isospin
symmetry, the mean values of the isovector mesons %
and δ are zero. To determine the constants (gσN/mσ)
2,
(gωN/mω)
2 and the effective mass of the nucleon m∗N at
saturation, we solve the system of equations of zero pres-
sure, experimental value of the binding energy per nu-
cleon and the σ0 field equation of motion self-consistently.
We calculate the compressibility modulus for symmet-
ric nuclear matter, which is related to the curvature of
the equation of state by:
K0 = 9ρ0
[
d(ε/ρ)
dρ
]
ρ=ρ0
, (11)
where K0 corresponds to the value of the compressibil-
ity modulus at saturation density ρ0 and ε is the corre-
sponding energy density of the system. It is important
to note that the ζ-parameter relates the effective mass to
the compressibility modulus [36], meaning that for each
choice of ζ, K0 is calculated independently and is not
used as an input to parameterize the model, as is the
case in most relativistic mean field models.
TABLE III: Normalized effective mass of the nucleon, com-
pressibility modulus and coupling constants for different pa-
rameterizations of the model (different ζ’s).
ζ m∗n/mn K0 (MeV) (gσN/mσ)
2 (gωN/mω)
2
0.040 0.66 297 14.51 8.74
0.045 0.67 282 14.22 8.40
0.049 0.68 272 13.99 8.14
0.054 0.69 262 13.71 7.83
0.059 0.70 253 13.44 7.55
0.065 0.71 244 13.12 7.23
0.071 0.72 237 12.82 6.94
0.078 0.73 230 12.50 6.63
0.085 0.74 225 12.21 6.37
0.094 0.75 220 11.86 6.05
0.104 0.76 216 11.53 5.75
0.115 0.77 213 11.20 5.46
0.129 0.78 211 10.84 5.16
The values of (gσN/mσ)
2, (gωN/mω)
2, m∗N and K0
for different choices of parameterizations (different ζ) are
shown in Table III. Figures 1, 2 and 3 show that these
quantities rapidly converge as a function of ζ, leaving a
small range of values of m∗N and K0 that fit the experi-
mental values. The direct relation between the effective
mass and the compressibility modulus is shown in Figure
4. We remark that low values of the parameter ζ (lower
effective mass and higher compressibility modulus) gen-
erate stronger coupling constants for the scalar σ-meson
as well as for the vector ω-meson. The decrease of the
attraction provided by the many-body forces (through
the scalar mesons) together with the constant coupling
of the vector mesons allows matter to be more repulsive
for smaller values of the ζ parameter. We also checked
the dependence of the binding energy as a function of
density on the many-body forces parameter, from which
we have found that larger values of the ζ parameter al-
low for more bound, i.e., more attractive matter. This
behavior of matter has a direct impact on the EoS for
higher densities and, thus, on the observational proper-
ties of neutron stars, as we discuss in Section V.
In order to determine the coupling constants of the
nucleon with respect to the isovector mesons, we must
fit the properties of asymmetric nuclear matter. When
only the % meson is considered, the respective coupling
constant is fitted to the symmetry energy and the value
of the slope of the symmetry energy at saturation is ob-
tained directly from that. However, as pointed out by
Lopes et. al. [71], the inclusion of the δ meson breaks
this relation. In this case, it is necessary to consider the
equation of state of asymmetric nuclear matter (in the
absence of leptons) and solve the system of equations
of the symmetry energy and its slope to find the corre-
sponding values of (g%N/m%)
2 and (gδN/mδ)
2, according
6FIG. 1: Effective mass of the nucleon at saturation densitiy
as a function of the parameter ζ.
FIG. 2: Compressibility modulus at saturation density as a
function of the parameter ζ.
to:
a0sym =
1
2
[
d2(ε/ρ)
dt2
]
t=0
, L0 = 3ρ0
[
dasym
dρ
]
ρ=ρ0
,
(12)
where the asymmetry between protons and neutrons is
quantified by t = (ρp − ρn)/ρb.
It is important to note that, in this formalism, the
many-body contributions correlate the effective mass of
the nucleon and the scalar field equations in the pres-
ence of the delta meson (see equation 3). In other
words, to determine the equation of state of asymmetric
matter at saturation, it is necessary to first solve self-
FIG. 3: Coupling constants of the mesons σ and ω as a
function of the parameter ζ.
FIG. 4: Direct relation between the effective mass of the
nucleon and the compressibility modulus, parametrized by ζ
(at saturation density).
consistently a system of equations for the expressions of
m∗N (m
∗
N , , σ0, δ0), σ0(m
∗
N , σ0, δ0) and δ0(m
∗
N , σ0, δ0) for a
non-vanishing isospin system.
Although the value of the slope of the symmetry energy
at saturation density has been widely discussed in the
literature, its values still lie in a large accepted range.
Since some studies point towards values around 60 MeV
[68, 70] and others towards higher values even as high as
113 MeV [69, 72], we perform a large scan of values with
our model in order to find the isovector-mesons coupling
constants suitable to describe massive hyperon stars.
In summary, the methodology used to describe nuclear
7properties in this formalism is the following: by the anal-
ysis of the properties of symmetric matter at saturation,
we choose the non-linearity parameter ζ that will deter-
mine the gσN and gωN coupling constants and give the
values of the effective mass of the nucleon and the com-
pressibility modulus by a one-to-one relation. However,
since the choice of the parameter ζ is not enough to de-
termine g%N and gδN uniquely, we must analyze the new
parameter space given by the isovector meson coupling
constants, the symmetry energy and its slope as shown
in Figures 5, 6 and 7 for different choices of ζ.
FIG. 5: Possible values of a0sym and L0 for (g%N/m%)
2 (top
panel) and (gδN/mδ)
2 (bottom panel) for ζ = 0.040. The
intensity of each coupling is plotted in a color sequence and
also indicated by the different types of lines.
Differently from the case of symmetric matter, where
for a given value of the effective nucleon mass there is
only one possible value for the compressibility modulus
(Figure 4), Figures 5, 6 and 7 show that for a given value
of the symmetry energy a0sym, one can have different val-
ues of the slope L0. The choices of a
0
sym and L0 result in
different values of the coupling constants of the mesons
% and δ, and are also dependent on the parameter ζ.
The parameter space for ζ = 0.040 is shown in Figure
FIG. 6: Same as Figure 5 for ζ = 0.071.
5. The panels show the coupling constants in a color scale
as a function of a0sym and L0. The color scale on the top
panel corresponds to the values of (g%N/m%)
2. The same
is shown for (gδN/mδ)
2 on the bottom panel. The white
regions in the figures correspond to the cases where no
solution for the system of equations exists. Obviously,
the values of the coupling constants must be selected si-
multaneously in both panels, in order to guarantee that
their values are associated with the same solutions for
a0sym and L0.
Note that, by the comparison between different choices
of the parameter ζ, there is a substantial change in the
possible range of solutions for the same values of the
coupling constants. For example, comparing the bot-
tom panels in Figures 5 and 7, one verifies that the so-
lution for (gδN/mδ)
2 = 12fm2 is found in the interval of
a0sym ' 25− 27 MeV and L0 ' 111− 115 MeV
for ζ = 0.040, while for ζ = 0.129 the interval is in-
creased to a0sym ' 25−31.5 MeV and L0 ' 102−115 MeV
. This analysis was carried out only in the range of
25 ≤ a0sym ≤ 35 MeV and 60 ≤ L0 ≤ 115 MeV in this
work.
The maps for the symmetry energy and its slope show
8FIG. 7: Same as Fig 5 for ζ = 0.129.
that the minimum values found for the asymmetry energy
slope are those that correspond to the higher values of
the parameter ζ. The lowest value for the slope can be
seen in Figure 7, where for a0sym = 25 MeV, the solution
of L0 = 68 is associated with (g%N/m%)
2 = 2.96 fm2 (top
panel) and (gδN/mδ)
2 = 0.07 fm2 (bottom panel).
Figure 8 allows us to better visualize the relation be-
tween the coupling constants intensity and the slope
L0 for different choices of ζ. The top and bottom
panels show simultaneous solutions for (g%N/m%)
2 and
(gδN/mδ)
2, from which we verify a linear relation with re-
spect to the slope of the symmetry energy L0. The higher
values of the parameter ζ are those which provide lower
L0 values, but higher coupling constants (g%N/m%)
2 and
(gδN/mδ)
2. In particular, this result is important in the
light of recent works pointing towards low values of L0
[73], meaning that the δ meson contribution should not
be too large.
A recent work by Dutra et al. that carries out a re-
view of 263 parameterizations of different RMF models
reported that the value of the volume part of the isospin
incompressibility, denoted Kτv, can also be used as a con-
straint for the description of nuclear matter [74]. This
FIG. 8: (g%N/m%)
2 (top panel) and (gδN/mδ)
2 (bottom
panel) dependence on the slope of the symmetry energy L0
for different value of the ζ parameter. The plots correspond
to the symmetry energy a0sym = 32 MeV .
quantity reads:
K0τv =
(
K0sym − 6L0 −
Q0
K0
L0
)
, (13)
where K0 and L0 are the compressibility modulus and
the slope of the symmetry energy at saturation. The
quantities Q0 and K
0
sym are the skewness coefficient of
the equation of state and the curvature of the symmetry
energy, respectively:
Q0 = 27ρ
3
0
(
d3(ε/ρ)
dρ3
)
ρ=ρ0,t=0
,
K0sym = 9ρ
2
0
(
d2(asym)
dρ2
)
ρ=ρ0
.
(14)
The values of K0τv and Q0 lay in a wide range of un-
certainties, K0τv = −550± 150 MeV
and Q0 = −700±500 MeV, which come from the over-
lap of the analysis of isospin diffusion [75], neutron skin
9TABLE IV: Volume part of the isospin incompressibility Kτv,
curvature of the symmetry energy K0sym, skewness coefficient
of the symmetry energy Q0sym, and of the equation of state
Q0 at saturation for different parameterizations of the model.
The values of the symmetry energy and its slope are fixed to
a0sym = 32 MeV and L0 = 97 MeV .
ζ K0τv(MeV) K
0
sym(MeV) Q
0
sym(MeV) Q0(MeV)
0.040 −558 30.85 184.5 21.3
0.049 −484 31.23 197.8 −188.2
0.059 −412 30.72 192.3 −364.6
0.071 −346 29.30 176.1 −505.9
0.085 −291 27.36 150.4 −612.1
0.104 −243 25.01 114.8 −698.8
0.129 −214 22.57 78.3 −751.1
[76] and measurement of Sn isotopes [77]. We have also
calculated the symmetry energy skewness at saturation
Q0sym = 27ρ
3
0
(
d3asym
dρ3
)
ρ=ρ0
, and the values of all these
quantities for different parameterizations of the model
are shown in Table IV.
We find that the parameterizations ζ =
0.040, 0.049, 0.059, 0.071 present values of K0τv in
agreement with the literature. The results for the
skewneess coefficient Q0 for the parameterizations
ζ = 0.040 and ζ = 0.049, are smaller than the threshold
value. However, we must emphasize that the quantities
analyzed in Table IV have a wide range of uncertainties
and are based on the overlap of experimental data
that carry large uncertainties themselves. Also, the
calculation of these quantities depends directly on the
values of the symmetry energy and its slope and the
results presented in Table IV are for fixed values of the
a0sym and L0. A wider study regarding these quantities
is out of the scope of this present work.
IV. PROPERTIES OF ASYMMETRIC
NUCLEAR MATTER AT HIGH DENSITIES
Before turning our attention to neutron star matter,
we discuss the behavior of asymmetric matter properties
at high densities. The symmetry energy and its slope can
be used to extrapolate the description of nuclear matter
to isospin asymmetric nuclear matter at higher densi-
ties. Also, as was already pointed out by Lopes et. al.
[71] and other authors, the behavior of the properties of
asymmetric nuclear matter in the high density regime
has a significant impact on the observable properties of
neutron stars.
Allowing matter to be populated by nucleons and hy-
perons, we assume conserved isospin and baryon number
and start by calculating the compressibility for symmet-
ric nuclear matter as a function of the density, using the
FIG. 9: Compressibility modulus of asymmetric matter (con-
taining hyperons) as a function of baryon density for different
choices of ζ.
general expression:
K(ρ) = 9
(
dP
dρ
)
t=0
. (15)
The behavior of the compressibility as a function of
density is shown in Figure 9 for different choices of the
parameter ζ and for fixed values of the hyperon poten-
tials (UNΛ = −28MeV, UNΣ = 30MeV, UNΞ = −18 MeV
), symmetry energy a0sym = 32 MeV and slope L0 =
97 MeV at saturation. The results shown in Figure 9
point to the fact that the lower values of ζ generate
higher values of the compressibility for high densities,
analagously to the behavior at saturation density.
The impact of the appearance of new degrees of free-
dom can be verified at densities around 0.5 fm−3 and
0.7 fm−3, which correspond to the densities where the
Λ and Ξ hyperons appear. As the density increases and
new degrees of freedom are populated, the compressibil-
ity modulus decreases due to the softening of the EoS
(when a hyperon appears). The density continues to
increase and the Fermi momentum of the new particle
species increases, making the EoS stiff again, until an-
other particle appears.
We calculate the symmetry energy and its slope by
extending the expressions in equation 12 to higher densi-
ties. The respective results are shown in Figures 10 and
11 and correspond, again, to different choices of the pa-
rameter ζ at fixed values of the hyperon potentials, sym-
metry energy a0sym = 32 MeV and slope L0 = 97 MeV at
saturation. Figure 10 shows that the symmetry energy
is not affected by the parameter ζ at low densities, as
expected from our previous fitting, and starts to present
an interesting behavior only for densities of about 3ρ0,
which correspond to the point where hyperons (appear
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FIG. 10: Symmetry energy of hyperonic matter as a function
of the baryon density for different choices of ζ.
for symmetric matter).
For fixed values of a0sym and its slope L0 at saturation,
higher values of the ζ parameter introduce larger differ-
ences between symmetric and asymmetric matter EoS’s.
This behavior is due to the fact that the coupling con-
stants of the isovector mesons are also dependent on the
values of the ζ parameter, generating a competition be-
tween the attraction and repulsion from the isoscalar and
isovector mesons. In particular, higher values of ζ gener-
ate stronger couplings of the % meson, which contribute
only to the asymmetric EoS and are of importance at
high densities. The strongest repulsive contribution pro-
vided by the higher values of the ζ parameter (higher
% couplings) allows for a stiffer EoS that differs more
from the symmetric EoS (in the absence of the isovec-
tor mesons contributions) and, since the symmetry en-
ergy relates precisely this difference, the parameteriza-
tion with higher values of ζ yields higher values of the
symmetry energy as a function of density.
Since the symmetry energy and the slope of the sym-
metry energy are correlated quantities, it is natural that
they present a similar behavior: the higher (lower) the ζ
parameter, the higher (lower) are the values of the sym-
metry energy and its slope as a function of the density.
The peaks in Figure 11 are again due to the appearance
of the hyperons.
It is worth mentioning that different values of the sym-
metry energy a0sym and its slope L0 at saturation also
have an impact on their behavior at higher densities. In
particular, smaller values of a0sym and higher values of
L0 allow for a higher increase in the slope. We will come
back to this topic in next section, when the impact of
these properties on the radii of neutron stars is investi-
gated.
Finally, we mention that, although the meson fields are
FIG. 11: Slope of the symmetry energy of hyperonic matter
as a function of the baryon density for different choices of ζ.
density dependent in every RMF model, in the formalism
adopted in this work the coupling between baryons and
scalar mesons depends on the nonlinear contributions of
the meson fields themselves. This feature of the model
implies that the behavior of the scalar mesons effective
coupling constants (g∗σb, g
∗
δb and g
∗
σ∗b) as a function of
the density is affected by the many-body contributions,
generating a direct impact on the baryon effective masses
and, consequently, on the global behavior of the matter.
This behavior is quantified in Figures 12 and 13, where we
show the effective coupling constants of the scalar mesons
and the effective mass of the nucleons as a function of
baryon density. We show results for different versions
of the model (with different meson content) as well as
different choices of the ζ parameter.
In the top panel of Figure 12, we show that the intro-
duction of the δ meson breaks the isospin degeneracy in
the coupling constants of protons and neutrons. The dif-
ference is more pronounced for higher values of ζ, which
correspond to stronger many-body contributions. The
delta meson increases the positive isospin particles cou-
pling with respect to the scalar mesons and decreases the
coupling for negative isospin particles, meaning that the
first generates more attraction. On the other hand, from
Equation 6, one can see that the isospin of the particles
affects all scalar mesons non-trivially due to the nonlin-
ear contributions. Hence, the competition between the
amount of particles with positive and negative isospin
plays an important role for the global attractive or re-
pulsive response of matter.
The introduction of the σ∗ meson has impact on all
of the scalar field equations as well. The top and mid-
dle panels of Figure 12 show that this meson contributes
to a faster decrease of the effective coupling constants,
due to its extra contribution to the many-body forces
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that change the couplings. Also, from the bottom panel
of Figure 12 one can see that the proton and neutron
coupling constants departure from the degenerate case
is more notable when all scalar fields, together with
higher values of the many-body forces contribution, are
assumed.
The effective mass of the nucleon as a function of the
density in Figure 13 presents a similar response to the
introduction of the δ and σ∗ mesons. The δ meson splits
the masses of protons and neutrons and the σ∗ meson
makes their decrease faster due to the extra contribution
in the many-body forces. Both effects are extremely rel-
evant to the chemical equilibrium and, consequently, to
the global behavior of the matter. In the next section, we
will come back to the effects of the σ∗ meson for neutron
star matter with hyperons.
V. ASTROPHYSICAL APPLICATION
In this section, we apply the formalism developed so
far to describe hyperon matter inside neutron stars. We
compare our predictions with the recently observed mas-
sive neutron stars PSR J038+0432 and PSR J1614-2230
[2, 3]. We have already shown that our model is in agree-
ment with nuclear matter properties at saturation den-
sity, and now a comparison with astrophysical properties
characterizes a second test of the underlying microscopic
model. In addition, aiming to verify the impact of future
hypernuclear data in the context of neutron stars, we
investigate the effects of different values of the hyperon
potentials and the coupling constant of the σ∗-meson on
macroscopic properties of neutron stars.
Assuming that matter is in β-equilibrium and is lo-
cally charge neutral, we use the EoS of the model as an
input to solve the Tolman-Oppenheimer-Volkoff (TOV)
equations [78, 79] and obtain the macroscopic structure
of stars for different parameterizations. The EoS and the
Mass-Radius diagram for each parameterization studied,
including hyperons, can be found in Figures 14 and 15,
respectively.
A. The role of ζ on the properties of hyperon star
The dependence of the EoS on the parameters of the
model is shown in Figure 14. In particular, the lowest
value of ζ generates the stiffer EoS and, consequently,
allows for a higher stellar mass. The argument here is
the same as the one discussed in Section III: since a
stiffer EoS is related to higher values of the internal pres-
sure of the system and, accordingly, to higher values of
the compressibility modulus of nuclear matter, this in
turn requires stronger contributions from repulsive com-
ponents of the nuclear force. In our general approach,
however, many-body forces lower the strenghs both of
attractive and repulsive interaction terms due to shield-
ing effects, which result in higher (lower) values of the
FIG. 12: Effective coupling constants of the scalar mesons
as a function of baryon density. The coupling of the σ (top
panel), δ (middle panel) and σ∗ (bottom panel) are plotted for
protons and neutrons for different values of ζ. The different
versions of the model are indicated by colors: σω% (magenta),
σω%δ (blue) and σω%δφσ∗ (grey).
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FIG. 13: Effective mass of protons and neutrons as a function
of baryon density for ζ = 0.040 and ζ = 0.129. Each color
correspond to a different version of the model.
FIG. 14: Equation of state for star matter shown for different
parameter sets.
compressibility modulus of nuclear matter in the case of
higher (lower) relative reduction of the attractive con-
tributions. Our present results are consistent with the
analysis above, since we have obtained a stiffer EoS for
lower values of the ζ parameter, which corresponds to
stronger repulsion.
In summary, lower values of the ζ parameter generate
more repulsive nuclear matter which is able to support
more gravity and, consequently, create a macroscopic ob-
ject with higher mass. In particular, the highest stellar
mass generated by the extended version of model includ-
ing hyperons is 2.15M (for ζ = 0.040), in agreement
FIG. 15: Mass-Radius relation for star matter shown for
different sets of parameters.
with pulsars PSR J16142230 (M = 1.97 ± 0.04M) [2],
and PSR J0348+0432 (M = 2.01 ± 0.04M) [3], as is
shown in Figure 15.
For completeness, in Table V we present results of
different versions of the model. The first and second
columns represent different meson content versions of the
model and values of the ζ parameter, respectively. We
also show maximum mass results for nucleonic and hy-
peron stars, in the third and fourth columns, respectively.
Also, since the σω% version of the model has a one-to-one
relation between a0sym and L0, we show values of L0 in
the fifth column.
All nucleonic stars in the range of parameters of ζ =
0.040−0.129 are in agreement with observational data. In
particular, the most massive nucleonic star described by
the model is the one for ζ = 0.040, with 2.57M. We also
verify that the inclusion of the δ meson does not affect
significantly the maximum mass of the stars, introducing
a difference of only 0.01M in the model. The weak
contribution of the δ meson in the results comes from
the low values of gδN chosen in order to reproduce low
values of the slope L0.
The δ meson introduces a repulsion between protons
and neutrons. As this repulsion favors the neutron pop-
ulation, the Fermi momenta of neutrons harden the EoS,
generating more massive nucleonic stars. In the case of
hyperon stars, the δ meson shifts the appearance of hy-
perons to lower densities, preventing a strong stiffening of
the EoS and even softening it in some cases. Therefore,
in general, for the nucleonic stars, the δ meson has the
effect of increasing the maximum star mass, while for
hyperon stars, the meson decreases its maximum value
[44].
Assuming that hyperons are present in compact stars,
ensuring that the model is in accordance with the ob-
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TABLE V: Maximum masses of nucleonic and hyperon stars
for different versions of the model, L0 and ζ-parameter. The
hyperon potentials are fixed to UNΛ = −28 MeV, UNΣ =
+30 MeV UNΞ = −18 MeV and the symmetry a0sym = 32 MeV.
Model ζ Mnucleonicmax (M) M
hyperon
max (M) L0 (MeV)
σω% 0.040 2.57 1.90 96.16
0.049 2.49 1.83 94.68
0.059 2.41 1.76 93.22
0.071 2.32 1.69 92.05
0.085 2.24 1.62 90.92
0.104 2.15 1.55 89.82
0.129 2.06 1.49 88.86
σω%δ 0.040 2.57 1.90 97.0
0.049 2.50 1.83 97.0
0.059 2.42 1.76 97.0
0.071 2.33 1.68 97.0
0.085 2.25 1.61 97.0
0.104 2.16 1.55 97.0
0.129 2.07 1.49 97.0
σω%δφ 0.040 2.57 2.15 97.0
0.049 2.50 2.07 97.0
0.059 2.42 1.99 97.0
0.071 2.33 1.91 97.0
0.085 2.25 1.83 97.0
0.104 2.16 1.74 97.0
0.129 2.07 1.65 97.0
servational data puts additional constraints on nuclear
properties at saturation. The comparison between the
parameterizations in Tables III and V shows that the
version of the model presented in this work constrains
the effective mass of the nucleon and the compressibility
modulus on ranges of 0.66− 0.70mN and 253− 297 MeV
(associated to the range of ζ = 0.040 − 0.059), respec-
tively. Also, from the parameterization ζ = 0.059, the
lowest values of the slope in agreement with nuclear and
observational data is L0 = 94 MeV (for a
0
sym = 32 MeV).
Such a conclusion can be reached because a change in
the slope L0 from 97 MeV to 115 MeV only contributes
to a tiny decrease of less that 0.0035M in the maximum
mass of stars. We also find a decrease of 0.01M in the
maximum star mass when the symmetry energy asym is
changed from 30 MeV to 33 MeV.
One can also clearly see from Figure 15 that the radius
of the star is affected by the ζ parameter. We will come
back to this topic in subsection V D, where we investigate
all quantities that affect the radius of the canonical star.
In the last section, it was discussed that the many-
body contributions present in the scalar meson couplings
have a direct influence on the behavior of particles in
hyperonic matter, since they affect the chemical equi-
librium equations. Also, since the ζ parameter dictates
the strength of the nonlinear contributions, we analyze
its effects on the particle population in Figure 16. The
figure shows the fraction of particles as a function of
FIG. 16: Particle population dependence on the parameter ζ.
The top panel shows the population for ζ = 0.040 and the bot-
tom for ζ = 0.129. The x-axis represents the baryon density
and the y-axis the fraction of each particle specie normalizeed
by the total baryon density.
baryon density for two choices of parameters and for
fixed values of the hyperon potentials, symmetry energy
a0sym = 32 MeV, and slope L0 = 97 MeV at saturation.
The results in Figure 16 show that, as the value of ζ in-
creases, the densitiy corresponding to the appearance of
each hyperon is shifted to higher values. For the choices
ζ = 0.040 (top panel) and ζ = 0.129 (bottom panel),
the thresholds of the Λ0, Ξ− and Ξ0 hyperons are shifted
from 0.30 to 0.36 fm−3, 0.38 to 0.45 fm−3 and 0.90
to 1.1 fm−3, respectively. One can also verify that the
threshold for the µ− lepton is not altered by the param-
eter, since it controls only the baryon interaction.
In order to specify the strangeness content of the stars,
we define the parameter fs:
fs =
∑
i
ρiQsi
ρb
=
ρΛ + ρΣ + 2ρΞ
ρb
, (16)
that corresponds simply to the number of strange quarks
per baryon in the particle population (where Qsi cor-
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FIG. 17: Fraction of strangeness fs as a function of the radius
for the maximum mass star provided for the ζ-parameter.
The hyperon potentials are fixed to UNΛ = −28 MeV, UNΣ =
+30 MeV and UNΞ = −18 MeV, and symmetry energy and
its slope at saturation are a0sym = 32 MeV and L0 = 97 MeV,
respectively. We have plotted only the parameterizations that
are in agreement with observational data.
responds to the strangeness charge). Figure 17 shows
fs as a function of the radius for the most massive
star provided by each parametrization. We have plot-
ted the strangeness profiles only for the parameteriza-
tions that generate stars with masses of at least 1.99M.
As discussed above, lower values of the ζ parameter al-
low for the early appearance of hyperons in the star (i.e.
outer layers). On the other hand, the growth of the hy-
peron content is slower for these cases (small ζ), pro-
viding a slightly lower central fraction of strangeness.
We have computed the strangeness content only for the
parameterizations in agreement with observational data,
from which we conclude that the star’s central values of
strangeness do not depart much from fs,c = 0.65, for
a range of ζ = 0.040 − 0.059. Finally, it is important
to emphasize that all results concerning the ζ parameter
are directly related to the effective mass of the nucleon
and the compressibility modulus at saturation, as already
discussed in section III.
B. The role of the hyperon potentials on the
properties of hyperon stars
Although not much is known about hyperon-hyperon
interactions, the hyperon-nucleon interactions are a little
more constrained from hypernuclear data: the ΛN inter-
action has a well-constrained potential of about −28 MeV
; the ΣN interaction points towards a repulsive potential;
the ΞN interaction also presents an attractive potential,
but not as well constrained as the ΛN .
FIG. 18: Mass-Radius relation of hyperonic matter shown
for different UNΞ potentials and choices of ζ-parameter.
Several works have investigated both attractive and
repulsive UNΣ potentials [1, 18, 21, 45, 80, 81] in the de-
scription of hadronic matter. In particular, we mention
the analysis of the impact of different values of hyperon
potentials on the properties of neutrons stars carried out
by Weissenborn et al [27] and also recently by reference
[30], both using different RMF models. Following these
works, in this subsection we aim to verify the effects of
hyperon potentials in our model.
Initially, we vary UNΛ and U
N
Σ around ±2 MeV and
±20 MeV, respectively. Fixing the values of the remain-
ing hyperon potential, we solve the TOV equations for
different choices of the ζ parameter. From this case, no
significant effect on the maximum mass and radius of the
neutron stars are found. The results for our model agree
with those found in references [27, 30] for different RMF
models.
We then varied the UNΞ potential around ±10 MeV,
from which we find a relevant alteration of the maximum
mass of the stars predicted by the model. Figure 18 shows
the Mass-Radius relation for different UNΞ potentials and
choices of the ζ-parameter. The other hyperon poten-
tials are fixed to UNΛ = −28 MeV and UNΣ = +30 MeV,
and the symmetry energy and its slope at saturation are
a0sym = 32 MeV and L0 = 97 MeV . The results pre-
sented here only include the three choices of the ζ param-
eter (0.040, 0.049, 0.065, corresponding to the higher,
medium and lower branches, respectively) that provide
massive stars. We conclude that, for our model, a change
of 10 MeV in the UNΞ potentials results in a change of ap-
proximately 0.02M in the possible maximum masses of
the stars.
From all of the star properties analyzed so far, we come
to the conclusion that the ζ parameter and the UNΞ po-
tential are the only quantities that have a significant im-
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FIG. 19: Parameter space related to the maximum star mass
in the model. The horizontal and vertical axes correspond to
the ζ parameter and the UNΞ , respectively. The other hyperon
potentials are fixed to UNΛ = −28 MeV and UNΣ = +30 MeV,
and symmetry energy and its slope at saturation are a0sym =
32 MeV and L0 = 97 MeV, respectively.
pact on the maximum star mass predicted by our model
(in the σω%δφ version). For this reason, in Figure 19,
we present the parameter space of these quantities re-
lated to the maximum mass of the stars. The vertical
axis corresponds to the UNΞ potential in the range of −3
to −48 MeV, the horizontal axis corresponds to the ζ
parameter in a range of 0.040 − 0.071, and the scale of
colors correspond to the stars’s maximum mass (in M)
provided by each choice of parameters. We indicate the
limit of 1.97M that corresponds to the lower mass limit
of the pulsar PSR J0348+0432.
The results in Figures 18 and 19 show that the maxi-
mum masses of the stars are higher as the attraction of
the UNΞ potential becomes weaker. Weak U
N
Ξ potentials
shift the threshold of the Ξ’s to higher densities, leav-
ing hadronic matter to be populated mainly by npeµΛ
degrees of freedom at very high densities. In such a sce-
nario, the filling of the energy states turns the EoS very
stiff, which ultimately generates massive neutron stars.
Note that the results in Figure 19, actually relate nu-
clear, hypernuclear and astrophysical data, since the ζ
parameter has a direct relation with the effective mass of
the nucleon and the compressibility modulus at satura-
tion.
We now turn our attention to the effect of hyperon po-
tentials on the strangeness content inside the stars. Since
the UNΛ potential should not depart much from the value
of −28 MeV from experimental data, we have verified the
particle population of the model changing this value by
±2 MeV. In this case, no significant change was found.
Figure 20 shows the particle population for different
FIG. 20: Particle population, for ζ = 0.040, dependence on
the hyperon potential UΛ. The top and bottom panels cor-
respond respectively to the cases of UNΣ = +10 MeV and
UNΣ = +50 MeV . The other hyperon potential are fixed to
UNΛ = −28 MeV and UNΞ = −18 MeV .
UNΣ potentials. The top panel corresponds to U
N
Σ =
+10 MeV and the bottom one to UNΣ = +50 MeV, for
ζ = 0.040. The results show that the Σ+ populate mat-
ter only at very high densities (0.86 fm−3) in the case
of a weak repulsion of UNΣ = +10 MeV. We report a
threshold value of UNΣ = +26 MeV for the vanishing of
Σ particles in our model in a range of 0− 10ρ0 (for fixed
UNΛ = −28 MeV and UNΞ = −18 MeV), which does not
depend on the ζ parameter. As Σ’s appear only at very
high densities, that usually exceed the central densities
in neutron stars in certain models, the value of UNΣ does
not bring important astrophysics predictions concerning
neutron stars in those cases, as already pointed out by
Schaffner [1].
The particle population for different UNΞ potentials is
shown in Figure 21, where the top and bottom panels
correspond to UNΞ = −8 MeV and UNΣ = −28 MeV, re-
spectively, for ζ = 0.040. It can be seen that an attractive
UNΞ potential, such as the one at the bottom panel, pulls
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FIG. 21: Same as Figure 20, but UΛ, top and bottom panels
correspond, respectively, to the cases of UNΞ = −8 MeV and
UNΞ = −28 MeV .
the appearance of Ξ’s to lower densities. Ultimately, a
very strong attraction can reverse the order of appear-
ance of the Λ and Ξ− baryons. In particular, a difference
of 20 MeV in the UNΞ potential shifts the density thresh-
old for the appearance of Ξ− and Ξ0 by about 0.07 fm−3
and 0.15 fm−3, respectively.
Since different values of the UNΞ potential significantly
affect the hyperon population, in Figure 22 we investigate
the strangeness content fs (vertical axis) as a function of
the radius of the maximum mass star reproduced (hor-
izontal axis) for fixed ζ = 0.040. The mass and central
densities of the corresponding stars ranges from 2.09M
and 0.90 fm−3 (for UNΞ = −48 MeV ) to 2.18M and
0.83 fm−3 (for UNΞ = −3 MeV ). The curves in Figure
22 indicate an increase in the fraction of strangeness as
the attraction of the potential UNΞ gets stronger. Strong
attractive UNΞ potentials shift the threshold of hyperons
appearance to lower densities (higher radius), leaving a
broader range of densities for fs (hyperon population) to
grow. Hence, the potentials that allow the appearance of
hyperons at lower densities provide more strangeness at
FIG. 22: Fraction of strangeness fs as a function of radius of
the maximum mass star provided by ζ = 0.040 for different
choices of the UNΞ potential. The other hyperon potentials are
fixed to UNΛ = −28 MeV and UNΣ = +30 MeV, and symmetry
energy and its slope at saturation are a0sym = 32 MeV and
L0 = 97 MeV, respectively.
the center of the star. In particular, the range of −3 to
−48 MeV for UNΞ provides central values of fs of about
0.62− 0.74.
Note that, since varying UNΛ and U
N
Σ generate always
the same family of stars, the fs profile is not altered by
the change of their values. Finally, we again stress that
the hyperon potentials concerning the hyperon-nucleon
(YN) interactions have no effect on the radius of neutron
stars, in agreement with refs. [27, 30]. This result is
not dependent on different choices of parameters of the
model.
C. The role of σ∗-meson on the properties of
hyperon stars
In order to introduce the remaining interaction be-
tween hyperons due to the meson σ∗, we vary the strengh
of the coupling constant gσ∗Y , setting gσ∗Λ = gσ∗Σ =
gσ∗Ξ. This approach allows us to constrain hyperon-
hyperon interactions through astrophysical data inves-
tigation, differently from fixing a value of the hyperon-
hyperon potential (UYY ) [21, 82].
To do so, we solve the TOV equations for coupling con-
stants ranging gσ∗Y = 0 to 5.0, as shown in Figure 23, for
ζ = 0.040. The results show that the σ∗ meson has effects
on both the maximum mass and the radius of the stars
generated by the model. The increase of the σ∗ coupling
allows for more attraction in the matter, consequently
lowering the maximum mass and radius predicted by the
model.
In order to better quantify each effect, in Figure 24 we
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FIG. 23: Mass-Radius relation of hyperonic matter, for ζ =
0.040, shown for different choices of gσ∗Y coupling constants.
The hyperon potentials are fixed to UNΛ = −28 MeV, UNΣ =
+30 MeV and UNΞ = −18 MeV, and symmetry energy and its
slope at saturation are a0sym = 32 MeV and L0 = 97 MeV,
respectively.
present the change in the radius of the canonical star of
1.4M as a function of the coupling gσ∗Y . The choices
of the parameter ζ are those which, in the absence of
the σ∗ meson, reach the minimum star mass value of
1.97M. In particular, paying attention to the param-
eterization that provides the higher neutron star mass
(ζ = 0.040), we verify that, for a range gσ∗Y = 0 − 5.5,
the radius of the canonical star decreases by 0.52 km and
the maximum mass drops from 2.15M to 2.12M. It
is important to note that the value of the coupling gσ∗Y
cannot be simply increased, since it has a direct impact
on the effective mass of the baryons. As already pointed
out in the literature, at the density in which the effective
masses of baryons reaches a zero value, it is necessary to
use a formalism beyond mean field approximation and
purely baryonic matter [21, 35].
Analogously to the analysis carried out for the UNΞ
potential, in Figure 25 we present the parameter space
concerning the gσ∗Y coupling, the ζ parameter (related to
m∗N and K0) and the maximum mass of stars produced
by our model. As already discussed above, the lower
values of gσ∗Y and ζ are those that provide the highest
star masses, as shown in the bottom left region of the
plot. The threshold of the possible minimum mass is
traced by the 1.97M curve, according to astrophysical
data.
We also analyze the effect of the gσ∗Y coupling on the
particle population in Figure 26. The top and bottom
panels show the population in the absence of the σ∗ me-
son and the case in which gσ∗Y = 5.0 (for ζ = 0.040). The
gσ∗Y coupling has impact only on the particle population
at high densities, shifting the threshold of appearance of
FIG. 24: Radius of the 1.4M star dependence on the in-
tensity of the gσ∗Y coupling costants, for different choices of
the ζ parameter. The hyperon potentials are fixed to UNΛ =
−28 MeV, UNΣ = +30 MeV and UNΞ = −18 MeV, and symme-
try energy and its slope at saturation are a0sym = 32 MeV and
L0 = 97 MeV, respectively.
Ξ0 to lower densities (from about 0.9 fm−3 to 0.82 fm−3
).
More dramatically, the extra attraction introduced by
the σ∗ meson pushes the Σ+ hyperon threshold back to
the range of densities between 0−10ρ0. In particular, for
gσ∗Y = 5.0, these particles appear at 1.15 fm
−3, which
cannot quite be reached in neutron stars. Moreover, as
such high densities are only reached in the core of neutron
stars, we also verified that the gσ∗Y coupling does not
have significant effects on the strangeness profile of the
stars.
Finally, we show in Table VI the change in the values
of the hyperon-hyperon potetials due to the introduction
of the σ∗ meson with a coupling gσ∗Y . In the second col-
umn we show the nucleon-nucleon potential UNN that be-
comes less attractive for higher values of the ζ parameter,
changing from −66.90 MeV for ζ = 0.040 to −64.47 MeV
for ζ = 0.059. The value of UNN continues decreasing for
higher values of ζ, reaching −59.56 MeV for ζ = 0.129,
which corresponds to the limiting value to reproduce the
properties of nuclear matter at saturation density.
The introduction of the σ∗ meson produces a stronger
attraction among the Λ particles, changing UΛΛ from
+4.54 MeV to −20.86 MeV for ζ and from −2.58 MeV to
−27.23 MeV for ζ = 0.059. Like the nucleon-nucleon po-
tential, the value of UΛΛ continues to decrease for higher
values of ζ, reaching −14.86 MeV (for gσ∗Y = 0) and
−38.19 MeV (for gσ∗Y = 5), for ζ = 0.129. All the other
hyperons present repulsive interactions, even with the
extra attraction introduced by the σ∗ meson. Although
the only measurement of the double-Λ hypernuclei points
towards a weak ΛΛ depth potential [49], only more hy-
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FIG. 25: Parameter space related to star’s maximum masses
in the model. The horizontal and vertical axes correspond
to the ζ parameter and gσ∗Y , respectively. The hyperon
potentials are fixed to UNΛ = −28 MeV, UNΣ = +30 MeV,
UNΞ = −18 MeV and symmetry energy and its slope at satu-
ration are a0sym = 32 MeV and L0 = 97 MeV, respectively.
pernuclear data will be able to better constrain the σ∗
coupling constants. The same applies to the other Y Y
potentials, from which, so far, no accurate experimental
data exist.
D. The radius of the canonical star
Thus far, in this paper, we have investigated the effects
of the parameters of the formalism on the properties of
neutron stars, except the radius. Since most measured
neutron star masses are clustered around 1.4M, we now
study all quantities that have impact on the radius of
these stars.
We have discussed in previous sections that the param-
eter ζ, which relates the effective mass of the nucleon to
the compressibility modulus at saturation, alters both
the mass and the radius of compact stars. As already
explained, ζ reflects how the many-body forces influence
nuclear matter. In Section IV we have shown that this
parameter has an impact on the behavior of star matter
properties at high densities, such as the density depen-
dence of the compressibility modulus, symmetry energy
and its slope.
Lopes et al [71] showed how an arbitrary variation of
the slope L0 changes the radius of the canonical star.
In the particular case of our model, we verify that the
only quantities that affect the behavior of the symmetry
energy asym and its slope L at high densities are the
ζ parameter and the constraints of these values (a0sym
and L0) at saturation. From this, we conclude that in
FIG. 26: Particle population, for ζ = 0.040, with gσ∗Y = 0
(top panel) and gσ∗Y = 5 (bottom panel) coupling strenghts.
The hyperon potentials are fixed to UNΛ = −28 MeV, UNΣ =
+30 MeV and UNΞ = −18 MeV and the symmetry energy and
its slope are a0sym = 32 MeV and L0 = 97 MeV.
our case the variation of the slope L0 with respect to
different densities, would arise from different behavior of
many-body forces, for fixed values of a0sym and L0.
Figure 27 shows the change of the radius of the canon-
ical star as a function of the ζ parameter. Again, we
stress that the change of the radius is directly related to
the values of the effective mass and the compressibility
modulus at saturation in this model. We observe that,
for the range of values that fits nuclear data, the radius
of the star changes about 0.8 km, but when we impose
the observational limit of 1.97M (corresponding to the
parameterization ζ = 0.04 − 0.059), this value drops to
0.2 km.
Since the values of the symmetry energy and its slope
also alter the radius of the stars, in Table VII we quan-
tify changes on the radius considering uncertainties in
these values. Also, as the ζ parameter was shown to
also affect the radius of neutron stars, we show these
changes on the radius for the three parameterizations
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hyperon potentials/ UNN (MeV) U
Λ
Λ (MeV) U
Λ
Σ (MeV) U
Λ
Ξ (MeV) U
Σ
Λ (MeV) U
Σ
Σ (MeV) U
Σ
Ξ (MeV) U
Ξ
Λ (MeV) U
Ξ
Σ (MeV) U
Ξ
Ξ (MeV)
ζ
ζ = 0.040, gσ∗Y = 0 −66.90 +4.54 +46.25 +49.89 +41.54 +72.48 +69.13 +44.72 +67.92 +121.75
ζ = 0.040, gσ∗Y = 5 −66.90 −20.86 +20.53 +23.96 +15.10 +45.70 +42.12 +17.87 +40.70 +95
ζ = 0.049, gσ∗Y = 0 −65.79 +0.95 +43.25 +44.58 +38.27 +69.02 +64.03 +39.14 +62.87 +111.98
ζ = 0.049, gσ∗Y = 5 −65.79 −24.06 +17.85 +18.98 +12.13 +42.46 +37.24 +12.53 +35.83 +84.71
ζ = 0.059, gσ∗Y = 0 −64.47 −2.58 +40.36 +39.34 +35.14 +65.65 +59.06 +33.71 +58.01 +102.36
ζ = 0.059, gσ∗Y = 5 −64.47 −27.23 +15.26 +14.03 +9.25 +39.25 +32.44 +7.29 +31.10 +72.53
TABLE VI: Hyperon-hyperon potentials for different values of the ζ parameter and gσ∗Y . The first column corresponds to
the chosen parameterizations. In the second column we show the nucleon-nucleon potential refering to each parameterization.
The third, fourth and fifth columns show the corresponding values of the Λ, Σ and Ξ potentials with respect to the Λ matter.
The sixth, seventh and eighth columns show the corresponding values of the Λ, Σ and Ξ potentials with respect to the Σ
matter. The ninth, tenth and eleventh columns show the corresponding values of the Λ, Σ and Ξ potentials with respect to the
Ξ matter. The nucleon-hyperon potentials and the symmetry energy and its slope at saturation are fixed to UNΛ = −28 MeV,
UNΣ = +30 MeV and U
N
Ξ = −18 MeV, a0sym = 32 MeV and L0 = 97 MeV.
FIG. 27: Effect on the ζ parameter on the radius of the
canonical star (1.4M). The horizontal and vertical axes
refer to the ζ parameter and the radius of the star, respec-
tively. The hyperon potentials are fixed to UNΛ = −28 MeV,
UNΣ = +30 MeV, U
N
Ξ = −18 MeV and symmetry energy and
its slope at saturation are a0sym = 32 MeV and L0 = 97 MeV,
respectively.
ζ = 0.040, 0.049, 0.059.
For a 1.4M star that belongs to the family that pre-
dicts at least 1.97M maximum mass stars, we find that
the smallest radius is 13.725 km, for the parameteriza-
tion ζ = 0.059, asym = 32 MeV, L0 = 94 MeV and
gσ∗Y = 4.0. Relaxing the values of the asymmetry prop-
erties at saturation, the smallest radius of the 1.4M star
drops to 13.54 km, for the parameterization ζ = 0.059,
asym = 29 MeV, L0 = 85 MeV and gσ∗Y = 5.2. Note
that, although smaller values of asym increase the radius
of the stars for fixed values of slope L0, these smaller val-
ues of asym also allow for smaller values of L0 (as already
shown in Figures 5, 6 and 7) and, thus, smaller radii.
VI. SUMMARY AND CONCLUSIONS
Substantial efforts have been made to determine the
behavior of nuclear matter at high densities. Recent ob-
servations of massive neutron stars have renewed the in-
terest in such studies. Given these massive stars, it has
been suggested that hyperonic matter might not exist in
compact stars, due to a possible excessive softnening of
the EoS caused by these new degrees of freedom. More-
over, the comparison between the radius of nucleonic and
hyperon stars predicted by several models has been re-
viewed, indicating that the radius of hyperon stars is sub-
stantialy larger than models fitted for nucleonic matter
only [4]. In this work we extended the formalism pro-
posed by Taurines et al [35] in order to describe hyperon
stars. In the light of this extended model, we succeeded
in describing neutron stars that agree with recent obser-
vations, despite the fact that it contains a considerable
amount of hyperonic matter.
We have developed a new class of EoSs that allows for
the presence of hyperons, and in which the baryon inter-
actions are mediated by mesonic fields in a parametric
derivative coupling. We extended the original version
of the model by considering the complete set of scalar-
isoscalar (σ,σ∗), vector-isoscalar (ω,φ), vector-isovector
(%) and scalar-isovector (δ) meson fields. We introduced
the δ, σ∗ and φ mesons, since the first allows for a bet-
ter extrapolation to asymmetric matter and the last two
mesons play an important role in the description of hy-
peron interactions.
This approach allowed us to take nuclear medium ef-
fects into account, as the derivative coupling introduces
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∆R1.4M ζ = 0.040 ζ = 0.049 ζ = 0.059
[R1.4M(L0 = 110 MeV)−R1.4M(L0 = 97 MeV)] 0.33 km 0.35 km 0.37 km
[R1.4M(a
0
sym = 30 MeV)−R1.4M(a0sym = 33 MeV)] 0.12 km 0.13 km 0.15 km
[R1.4M(gσ∗Y = 0)−R1.4M(gσ∗Y = 5.5)] 0.52 km 0.57 km 0.62 km
TABLE VII: Summary of the properties that affect star radii in the model. The results are shown for hyperon stars for different
parameterizations. The hyperon potentials are fixed to UNΛ = −28 MeV, UNΣ = +30 MeV, UNΞ = −18 MeV and the symmetry
energy, the slope of the symmetry energy and the hyperon-hyperon coupling constant in relation to the σ∗ meson are varied.
In the first line, the symmetry energy is fixed to a0sym = 32 MeV and gσ∗Y = 0. In the second line, the slope of the symmetry
energy is fixed to L0 = 101 MeV and gσ∗Y = 0. In the third line, the symmetry energy and its slope are fixed to a
0
sym = 32 MeV
and L0 = 97 MeV. The results are shown only for the parameterizations in agreement with the observational data.
an analogy to many-body forces, characterized by a sin-
gle (ζ) parameter. The many-body contributions were
introduced as nonlinear terms contributions to the ef-
fective coupling constants of the model, whose effect is
to turn them indirectly density dependent and also to
lower the effective masses of the baryons. We also point
out that, since the density dependence of the couplings
comes from the scalar fields in this formalism, we avoid
the rearrangement terms necessary in explicit density de-
pendent formalisms [14].
The decrease of the coupling constants and the effec-
tive mass of the nucleon as a function of density has inter-
esting phenomenological consequences, as it relates to the
restoration of chiral symmetry and asymptotic freedom.
However, an extensive analysis concerning this behavior
must be carried out in detail in a future publication.
Each parameterization of the model generates a new
equation of state and, for particular parameterizations,
it is possible to describe models already present in the
literature such as [7, 13]. Initially, we determined the
connection between the ζ parameter and symmetric nu-
clear matter properties at saturation, from which we con-
cluded that smaller values of the ζ parameter allows for
lower (higher) nucleonic effective masses (compressibility
modulus). In particular, we pointed out that the pa-
rameter ζ allows to determine both the effective mass of
the nucleon and the compressibility modulus, differently
from other models that need an extra parameter to fix
these values [8, 14].
We have also analysed the parameter space that relates
the symmetry energy a0sym and its slope L0 to the cou-
pling constants g%N and gδN in order to determine the
coupling constants of the isovector mesons to the nucleon
at saturation density. Finally, we calculated the volume
part of the isospin incompressibility and the skewneess
of the symmetry energy, from which we concluded that
several parameterizations of the model are in good agree-
ment with the tests carried out in the literature [74].
Choosing the parameters according to nuclear mat-
ter saturation properties and the available hypernuclear
data, we concluded that smaller values of ζ yield stiffer
EoS’s. We verified that different parameterizations also
yield quantitatively different particle populations, but in
all cases the hyperon population threshold density was
kept at about ∼ 2ρ0.
In order to further validate the microscopic model
used, we compared macroscopic predictions with ob-
served data. We calculated the Mass-Radius diagram
for the parameterizations able to describe nuclear satu-
ration properties. We have found that only the param-
eterizations with 0.040 ≤ ζ ≤ 0.059 were able to match
recently observed masses of objects PSR J038+0432
(M = 2.01 ± 0.04M, [3]) and PSR J1614-2230 (M =
1.97 ± 0.04M,[2]), for fixed values of hyperon poten-
tials. We have demonstrated that, since the value of the
coupling constant gδN must remain small in order to en-
sure lower values of the slope L0, the introduction of the
δ meson does not have a strong effect on the maximum
mass of the stars. On the other hand, we showed that
the inclusion of the φ meson is crucial for the description
of a 2M hyperon star.
Following previous works [27, 30], we have calculated
the dependence of the star’s observational properties on
the hyperon potentials. Our results support those found
in the literature, in which only the UNΞ potential has a
significant effect on the maximum mass of stars and, none
of the hyperon potentials affect the radius of the stars.
In order to find all quantities that modify star masses,
we generated the parameter space that relates UNΞ , ζ
and Mmax, or hypernuclear, nuclear and astrophysical
observational data.
We carried out a similar analysis concerning the σ∗
meson, from which a new parameter space, relating gσ∗Y ,
ζ and Mmax, was generated. As far as we know, we
report for the first time that nonzero values of the gσ∗Y
coupling decrease the radius of neutron stars significantly.
We summarized the effects of all properties present in
our model that modify the radius of the canonical star
and we concluded that the many-body forces parameter
contributes to the behavior of the nuclear asymmetric
properties at high densities, which are reflected in the
radii of these stars.
We must still make a final remark regarding the limita-
tions of the formalism that we have developed and, most
importantly, its uncertainties regarding the description
of hyperon stars. First, we developed a model to de-
scribe nuclear matter at high densities by extrapolating
the behavior of symmetric matter at saturation density
to highly asymmetric matter at densities of about 8− 10
times saturation density [21]. Also, the introduction of
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hyperons in the system brings uncertainties related to the
poor data from hypernuclear matter, such as the hyperon
potentials, the assumption of a SU(6) symmetry and the
YY interacion concerning the σ∗[4]. There are works
in the literature that consider approaches beyond SU(6)
[26, 28, 80] and the universality of gσ∗Λ = gσ∗Ξ = gσ∗Σ
[32, 55, 82]. However, only new data will allow for a bet-
ter understanding of hyperon matter at very high den-
sities, for instance, from the possible measurements of
multi-hyper nuclei such as those that will be provided by
FAIR in the near future, and also from the analysis of
hyperon-hyperon correlation in heavy-ion collisions (as
originally proposed in [83]), and improved lattice QCD
calculations of the hyperon-hyperon potentials [84]. Also,
similarly, only new accurate observational data may pro-
vide reliable information regarding the radii of compact
stars, which are extremely important for contraining the
EoS of nuclear matter at high densities.
Our purpose with this study was to develop a new
model for nuclear matter that takes into account nonlin-
ear terms that simulate many-body forces and apply the
formalism to describe hyperon stars in accordance with
recent observations [2, 3]. A very straightforward exten-
sion of this work is the inclusion of nonlinear contribu-
tions to the coupling of isoscalar-vector and isovector-
vector mesons, which requires a new analysis of satu-
ration and asymmetric matter properties in the model.
Also, in a future work, we plan to investigate the ther-
mal evolution of such stars, which depends on their par-
ticle composition. Furthermore, we plan to investigate
the phase transition to quark matter, which may take
place in the core of high density neutron stars, and the
effects of magnetic field on the microscopic and macro-
scopic properties of such stars. This work is already in
progress.
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